An ultrasensitive fluorescence method for early diagnosis of lung cancer via activators regenerated by electron transfer atom transfer radical polymerization (ARGET-ATRP) with EDTA as metal ligand was reported. a r t i c l e i n f o 
Introduction
Due to the low abundance of biomolecules in human serum and the difficulty of directly detecting these biomolecules, efforts have been made over many years to find suitable strategies for signal amplification. In recent years, atom transfer radical polymerization (ATRP) has been applied to signal amplification [1] [2] [3] [4] , due to its well-controlled reaction rate, the availability of a wide range of monomers and its simplicity of operation. Recently, research into ATRP has focused on its environmental impacts. The ligands and transition metals used are harmful to both human beings and the environment. There are various metal ligands of ATRP, including poly (ethylene imine), and N,N,N 0 ,N 00 ,N 00 -pentamethyldiethylene triamine (PMDETA) [5] [6] [7] , tris (2-(dimethylamino)ethyl) amine (Me 6 TREN) [8] [9] [10] and so on. Ethylenediaminetetraacetic acid (EDTA) is a chelating agent [11] , is cost-effective, and has stable performance and low toxicity. EDTA can form stable watersoluble complexes with alkali metals, rare earth elements, and transition metals [12] . EDTA, as a multidentate ligand containing more than two coordination atoms can form a metal complex with metal ions. The complexes formed by EDTA and most metal ions have the characteristics of high stability, a simple coordination ratio (generally 1:1), rapid coordination reaction, and good water solubility. Therefore, EDTA has considerable practical value. In recent years, the application of complexes in molecular detection has attracted great attention. The FeCl 2 /EDTA-system has been studied as an ATRP mediator [13, 14] .
The regulation of ATRP involves activators regenerated by electron transfer atom transfer radical polymerization (ARGET-ATRP) [15] [16] [17] , photo ATRP [18, 19] and mechano ATRP [20, 21] . As a number of the ATRP family, ARGET-ATRP requires low concentrations of transition catalysts, and can react under low oxygen conditions, due to the excess of reducing agent [22] [23] [24] . ARGET-ATRP has been gradually used in the fields of industry, biology, pharmacy, and environmental science [22, 25] . ARGET-ATRP can establish a reversible dynamic equilibrium between Cu (II), the dormant species, and Cu (I) the active species, by a reducing agent, with a large amount of monomer repeatedly added to achieve polymerization [26, 27] . Previous researchers have reported the use of ARGET-ATRP as an amplification technique for achieving ultrasensitive detection of biomolecules. Cheng et al. had reported synthesis of a surface-active ATRP initiator, and its use in ARGET-ATRP polymerisation [17] .
In this paper, we report the development of an ultrasensitive fluorescent CYFRA21-1 DNA detection for the early diagnosis of lung cancer based on ARGET-ATRP with EDTA as the metal ligand.
CYFRA21-1 DNA is considered as the most important biomarker of the diagnosis of non-small cells (NSCLC), which is commonly used as the tDNA to diagnosis NSCLC. Thiolated peptide nucleic acid (PNA) was modified on the surface of the MBs by a cross-linking agent. Next, CYFRA21-1 segments were specifically identified using PNA. After hybridization between PNA and tDNA, abromophenylacetic acid (BPAA), the initiator of ARGET-ATRP, was linked to the PNA/DNA heteroduplexes via bridges of phosphateZr 4+ -carboxylate chemistry. Subsequently, EDTA was used as the metal ligand of Cu(II), and Cu(II)Br/EDTA was formed. Ascorbic acid (AA), as the catalyst of ARGET-ATRP reduced Cu(II)Br/EDTA to Cu (I)/EDTA for activating polymerization, and numerous monomers (fluorescein-o-acrylate) were introduced to the surface of the MBs. This strategy produced a strong linear relationship between the fluorescence signal and the logarithm of tDNA concentrations between 0.1 fM and 1 nM, with a low detection limit. This strategy has excellent stability, cost-effectiveness, selectivity, and outstanding anti-interference properties. This signal amplification strategy based on ARGET-ATRP with EDTA as the metal ligand was firstly reported in the field of sensing analysis.
Experimental section

Materials and reagents
All chemicals and reagents were analytical grade, and ultrapure water was used in all experiments. Aminated magnetic beads solutions (MBs, 10 mg mL À1 ) were procured from PuriMag Biotech Table 1 , the sequences of oligonucleotides were displayed. Phosphate buffer saline (PBS butter, 0.1 M, pH 7.4) was used for diluting and washing oligonucleotides, and the solvent for the fluorescence detection was prepared using 0.1 M PBS butter.
Apparatus
All modifications of MBs were carried out on a constant temperature shaker (St. Louis, USA). The atomic force microscope (AFM) images were obtained from Dimension Icon (Bruker, USA). Fluorescent measurements were recorded using an Edinburgh FLS-1000 fluorescence spectrophotometer (Edinburgh, UK). Scanning electron microscopy (SEM) images were obtained with Sigma HD field emission SEM (Zeiss, Germany).
PNA functionalization of MBs
Prior to use, 20 lL of MBs were washed three times, and then PBS buffer (pH 7.4, 0.1 M, 180 lL) was added to resuspend the MBs in a centrifuge tube. Subsequently, sulfo-SMCC (0.5 mM, 20 lL) were added to the centrifuge tubes respectively and mixed completely, and the reaction was carried out at 310 K for 2 h in a constant temperature shaker.
After washing with PBS buffer (pH 7. 
Results and discussion
Principle of the fluorescence sensor via CuBr 2 /EDTA-mediated ATRP
The process of construction of this ultrasensitive fluorescence sensor based on ARGET-ATRP with EDTA as the metal ligand was showed in Fig. 1 . During this process, first of all, PNA capture probes were immobilized on the surface of MBs with sulfo-SMCC. The carbonyl group of the sulfo-SMCC was connected with the MBs-NH 2 to link the sulfo-SMCC to the surface of the MBs. The double bond at the other end of the sulfo-SMCC reacted with the sulfydryl group of PNA by an addition reaction, and a PNA probe was modified to the surface of MBs. PNA can hybridize with tDNA to form PNA/DNA heteroduplexes through specifically identifying between PNA and tDNA. Subsequently, under the coordination of Zr 4+ , the phosphate groups of tDNA and the carboxy group of the initiator (BPAA) were coordinated with Zr 4+ to form sulfo-SMCC/ PNA/tDNA/Zr 4+ /BPAA-modified MBs.
At the beginning of ARGET-ATRP, Cu(II)Br/EDTA was reduced to Cu(I)/EDTA by AA, and AA was oxidated to dehydroascorbic acid (DHA). The Br À of BPAA was seized by Cu(I)/EDTA while Cu(II)Br/ EDTA was produced due to the transfer of Br from BPAA to Cu(I)/ EDTA, and free radical (P) was generated. The regenerated Cu(II) Br/EDTA was again reduced to Cu(I)/EDTA by excessive AA, and P continuously attacked the carbon-carbon double bond of the monomer (FA), and polymer chains were formed. In this study, EDTA was used as the ligand of Cu(II) to form strong complexs with Cu(I) and Cu(II). EDTA is widely used as multidentate ligand [28, 29] , due to it being a reagent with N and O 
Feasibility of the fluorescence biosensor
In order to explore the feasibility of this ultrasensitive DNA fluorescent detection via ARGET-ATRP with EDTA as the metal ligand, we compared the fluorescence intensity of the MBs that were modified with different materials. As shown in the Fig. 2 , the fluorescence signal near zero when the PBS buffer (curve a) was detected, the result shown that the fluorescence signal of modified MBs was not affected by adding PBS buffer. The proposed sulfo-SMCC/PNA/tDNA/Zr 4+ /BPAA/FA-modified MBs (curve g) generated the strongest fluorescence intensity at 512 nm. Under other conditions (in the absence of PNA, tDNA, Zr
4+
, BPAA, or FA, respectively), the fluorescence signal was particularly weak. In the absence of FA (curve b), the fluorescence intensity was almost zero. This could be because FA could not be introduced to MBs utilizing ARGET-ATRP, so the fluorescent signal was not successfully amplified. The fluorescence intensity was also very low when the BPAA initiator (curve f) was not added, due to the lack of free radicals. In addition, very weak fluorescence intensities were observed without PNA (curve c), tDNA (curve d) or Zr 4+ (curve e), because the polymer resulting from the ARGET-ATRP reaction could not be connected to the surface of the MBs. These experiments clearly demonstrated the importance of PNA and DNA complementary pairing, and also illustrated that the strategy had a high signal-to-noise (S/N) ratio and showed high sensitivity for tDNA. Therefore, the experimental results indicated that the amplified signal produced by a strategy based on ARGET-ATRP with EDTA as the metal ligand could be applied to the detection of CYFRA21-1 of lung cancer.
Characterization of MBs modification
AFM was used to verify the surface morphology of the modified MBs. Fig. 3 showed that the height of the sulfo-SMCC/PNA/tDNA/ Zr 4+ /BPAA/FA-modified MBs was 32.4 nm, while the sulfo-SMCC/ PNA-modified MBs showed a maximum height of 9.3 nm. By contrast the height of different modified MBs, we found the sulfo-SMCC/PNA/tDNA/Zr 4+ /BPAA/FA and sulfo-SMCC/PNA-modified
MBs had a dramatic change of height. The reason for this result might be that the monomer (FA) was aggregated on the surface of MBs via ARGET-ATRP. However, if tDNA was absent from the system, the phosphate-Zr 4+ -carboxylate chemistry was disabled leading to unsuccessful polymerization. As displayed in Fig. 4(A,  B) , SEM investigation revealed that the sulfo-SMCC/PNA/tDNA/ Zr 4+ /BPAA/FA-modified MBs (Fig. 4A) had a relatively rough surface compared with that of the control group without tDNA (Fig. 4B) , and floccule was observed on the surface of the functional MBs. Those results suggested that this signal amplification strategy using the CuBr 2 /EDTA-system as an ATRP mediator was feasible.
To further characterize the biosensor, energy dispersive spectroscopy (EDS) was applied to observe the elements on the surface of the MBs for qualitative analysis. Different elements possesses different frequency of characteristic X-rays [30, 31] . Therefore, the different elements appear in different colors when EDS was used to scan the surface of a sample with an electron beam. As shown in Fig. 4(C-F) , the EDS images of the MBs showed that the characteristic element composition was S ( Fig. 4C) P, (Fig. 4D) , Zr (Fig. 4E) , and Br (Fig. 4F) . The S element exists in PNA, hence, the results showed that PNA was present on the surface of the MBs. The P element in EDS images was shown because of the phosphate groups of tDNA, indicating that tDNA was successfully attached to the surface of the MBs by the PNA capture probe. The presence of Zr and Br element indicated that ZrOCl 2 and BPAA were successfully attached to the surface of the MBs via phosphate-Zr 4+ -carboxylate chemistry. From these results, we could see that the ultrasensitive fluorescence sensor using the CuBr 2 /EDTA-system as an ATRP mediator was successfully constructed.
Optimization of ARGET-ATRP conditions
In order to achieve ultrasensitive analysis of CYFRA21-1 via fluorescence sensors, various conditions of detection of ARGET-ATRP most be taken into account, including the reaction time of AGTE-ATRP and the amount of FA. The growth of ARGET-ATRP polymeric chains was correlated with the coupling time of probes onto the MBs surface. Therefore, the relationship between the fluorescence intensity and the reaction time of AGTE-ATRP was investigated. As shown in Fig. S1A , with increasing time, the fluorescence intensity rapidly increased from 10 min to 100 min, after which the fluorescence intensity reached a plateau. Presumably, the growth of the polymer chain was terminated, which might be because the reaction had reached equilibrium. Hence, the ideal reaction time of ARGET-ATRP for the subsequent experiments was set to 100 min.
In this method, the amount of fluorescence monomer (FA) introduced into the MBs affected the length of the ARGET-ATRP chain. In Fig. S1B , it clearly showed that the fluorescence signal intensity did not increase until the volume of FA was more than 10 lL, which could indicate that the reaction of ARGET-ATRP had stopped. To further improve the cost-effectiveness of the fluorescence sensors, the optimal amount of FA was determined to be 10 lL, an amount that was used in the subsequent experiments. (Ex = 489 nm, slit: 2 nm). 
Analytical performance for CYFRA21-1 DNA detection
Under the optimum experimental conditions, in order to explore the analytical performance of the fluorescence CYFRA21-1 DNA biosensor based on the ARGET-ATRP signal amplification strategy, we investigated the relationship between fluorescence intensity and various concentrations of tDNA. As shown in Fig. 5A , the fluorescence absorption was strongest at 512 nm. The fluorescence intensity gradually increased with the increase of the concentration of tDNA in the range of 0.1 fM to 1 nM. As shown in Fig. 5B , the liner regression equation was F (au) = 5108.56 lgC tDNA + 41197.29, with a correlation coefficient (R 2 ) of 0.9988, and the detection limit (LOD) of this method was calculated to be 23.8 aM based on the S/N = 3. To further demonstrate the excellent performance of the fluorescence biosensor, as summarized in Table 2 , we compared the linear range and LOD of this strategy to that of other sensors. This method improved the detection sensitivity of the fluorescence DNA biosensor by taking advantage of specific recognition of PNA probes and ATRP amplification. This strategy also had the advantages of low cost and simple operation.
Selectivity, stability, and anti-interference ability
Selectivity and stability are important parameters for evaluating the performance of this biosensor. In order to demonstrate the selectivity of the fluorescence DNA biosensor, we tested and compared the fluorescence intensity of 0.1 nM tDNA with that of 0.1 nM SBM, TBM, and Control under the same conditions. In Fig. 6A , it could be seen that the fluorescence intensity of the Control, TBM, and SBM were respectively 93.69%, 83.46%, and 80.82% lower than that of tDNA. The mismatched base(s) of those oligonucleotides were unfavorable for the forming of PNA/DNA heteroduplexes, which led to the reduction of phosphate and thus the reduction of ATRP initiator. The amount of monomers dramatically decreased, therefore the fluorescence intensity of the Control, TBM, and SBM decreased. These results demonstrated that the DNA fluorescence detection system was able to specifically detect DNA, and the fluorescence biosensor had high selectivity for DNA.
The stability of this fluorescence biosensor was demonstrated by testing the fluorescence intensity of sulfo-SMCC/PNA/tDNA/ Zr 4+ /BPAA/FA-modified MBs. Under the same experimental conditions, the MBs samples were stored for two weeks at 4°C, then the samples were uniformly mixed. The fluorescence intensity of the MBs showed no significant change. Therefore, the results indi- cated that the DNA fluorescence biosensor had satisfactory stability. In order to evaluate the anti-interference ability of this fluorescence DNA biosensor in normal human serum, the fluorescence intensity in 0.1 fM, 0.1 pM, and 0.1 nM tDNA in 5% NHS were compared with those in PBS buffer. As shown in Fig. 6B , the fluorescence intensity of 0.1 fM, 0.1 pM and 0.1 nM tDNA in 5% NHS were approximately 91.99%, 90.87%, and 97.15% of those from PBS butter (pH 7.4, 0.1 M), respectively. Hence, the fluorescence biosensor based on the ARGET-ATRP signal amplification strategy had an excellent anti-interference ability in NHS and had a good potential for application potential in a clinical setting.
Conclusions
We have reported an ultrasensitive fluorescence biosensor based on ARGET-ATRP signal amplification with EDTA as the metal ligand, and applied it to the detection of CYFRA21-1 of lung cancer for the first time. Under optimum reaction conditions, this fluorescence biosensor shows a good analytical performance, with a linear range of 0.1 fM to 1 nM, and a detection limit is as low as 23.8 aM.
The most important reason for this performance is that the method exhibited displays high anti-interference ability in capability NHS. However, it has some deficiencies that need to be further improved. For example, optimization of the total assay time for biosensor applications would be valuable. In summary, because of the fluorescence sensor's low cost, good selectivity, excellent anti-interference capability, high stability, and good sensitivity, the fluorescence sensor showed great promise for the detection of clinically important entities, such as those involved in cancer.
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